yet, the characterization methods themselves can directly affect the measured quantities. [2, [25] [26] [27] [28] [29] [30] [31] In this critical review we aim at providing a set of guidelines to investigate and characterize the key parameters defining a nanoparticle sample, namely size, shape, surface charge, and porosity. We will first define these physicochemical terms and their implication in affecting nanoparticle properties. We will then provide a critical overview of established and specialized techniques currently used for evaluation of nanoparticles, and discuss their practical advantages and disadvantages. Finally, we will propose some reasonable recommendations of how the physicochemical parameters of nanoparticles should be investigated, and how to characterize these key properties in different environments according to the intended nanoparticle use.
Nanoparticle Parameters
Nanoparticles exist in various chemical compositions ranging from micelles to metal(oxide)s, from synthetic polymers to large biomolecules. Each of these materials features a completely different chemistry, which can be analyzed by a variety of methods including optical spectroscopy, X-ray fluorescence and absorbance, Raman spectroscopy, and solid-state NMR. [32] However, often the behavior of nanoparticles is largely governed by their nanometer dimensions. As such, throughout nanoparticle characterization, the investigation of size, shape, surface charge and porosity is a fundamental step for fully understanding and predicting their behavior. These essential parameters are the focus of our review.
The ability to be dispersed into discrete entities, each characterized by a size, shape, surface charge and porosity discriminate nanoparticles from the wider class of nanomaterials encompassing nanostructured objects that might present dimensions in the micro and millimeter regime, such as nanostructured films or nanotubes. [33] [34] [35] Size and shape affect the nanoparticle functionalization capacity, fluid drag and diffusion, optical properties, and uptake into cells. [36] Surface charge, besides controlling the stability of a colloidal suspension and its tendency toward aggregation, [37] also plays a major role in shaping the interactions between nanoparticles and the environment. [38, 39] Finally, owing to their increased surface-tovolume ratio, nanoparticles possess a large external surface area that can be functionalized for different applications. [17] [18] [19] In addition, porous or hollow nanoparticles also exhibit a vast internal surface area, which can be further functionalized to impart additional functionalities, such as the design of smart nanoparticle drug delivery systems. [18, [40] [41] [42] [43] [44] In the following, we provide a description of these physicochemical terms in the context of nanoparticle technology, and the different physical and experimental means in which these parameters can be defined.
Size and Size Distribution
Size refers to the spatial extent of an object. For a spherical object, size can be unambiguously described by one dimension. However, for nonspherical objects, several dimensions are needed to fully define the actual extension of an object in space ( Figure 1A) . While measuring size might appear trivial for objects in the macroscopic scale (>1 mm) where size is measured as the distance between different ends of an object, in the nanoregime size assumes different meanings according to the technique employed to measure it. For a nanoparticle, size can refer to i) its overall physical dimension(s) defined by the atomic structure; ii) an effective size of the particle in a certain matrix according to its diffusion/sedimentation behavior, possibly including adsorption of matrix constituents to the nanoparticle surface, agglomeration or aggregation of the particles in the matrix; iii) an effective size of the nanoparticle, weighted by its mass/electron distribution. This variety of size definitions reflects the wide spectrum of physical approaches that can be used for nanoparticle characterization.
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Nanoparticle size and morphology can be measured at the single-particle level at sub-nanometer resolution using highresolution microscopy techniques, such as electron microscopy or scanning probe microscopy, providing extremely detailed information on the shape of the nanoparticles under examination. These methods of characterization are based on the interaction between the atomic structure and the impinging electron beam, or with the used scanning probe. However, these techniques usually have limited throughput, are not ensemble techniques (which raises questions such as how representative and statistically relevant the obtained data are), and are carried out under high-vacuum conditions or by placing the sample on a hard substrate, and can therefore neglect important phenomena that may occur in suspension, such as swelling or aggregation. Light-scattering, diffusion-and sedimentation-based methods are commonly employed for the routine analysis of colloidal suspensions. Usually, no direct information on nanoparticle shape can be obtained from these approaches, and an equivalent diameter, corresponding to that of a sphere behaving the same way as the sample under examination ( Figure 1B) is usually returned as a characteristic size. To translate this information into actual nanoparticle dimensions, knowledge of nanoparticle shape is required. [29] Finally, static scattering methods, either via light or X-ray illumination, provide information on the mass/electron distribution of the nanoparticles, and hence, indirectly, on the nanoparticle shape.
Although the aim of nanoparticle synthesis is to obtain a monodisperse population of nanoparticles, a real-world sample always displays a certain degree of variation. The nanoparticle size distribution is, therefore, an intrinsic measure of the control and quality of the synthesis procedure, while the estimated size value only refers to an averaged quantity derived from this distribution. Different techniques present different sensitivity to particles of varying dimensions, and care has to be taken when comparing results obtained from different characterization methods. [26, 45] Techniques with single-particle resolution, such as high-resolution microscopy and nanoparticle tracking analysis, are able to provide a number-based average of particle size, where each particle is assigned an equal weight. Conversely, scattering intensities scale with particle volume, and size estimation using these methods is based on a volume-weighted (static light scattering) or intensity-weighted (dynamic light scattering) average, which results in a bias toward larger population components ( Figure 1C ). Although conversions between the types of distributions can be calculated if the weighing factors are known, the conversion might not have a unique solution if the shape of the population distribution is unknown.
Therefore, size estimation is the result of the detection method and of the underlying weighing factors, and of the average quantity that is chosen as representative of a given nanoparticle population. Different averages can be selected, such as arithmetic mean, median value or mode of the distribution. Such a choice should always be stated alongside the reported size estimation. The median, for example, is usually defined as D 50 , which indicates the nanoparticle diameter at which 50% of the population lies below. One single quantity, however, is not sufficient to describe a whole population because similar average values might correspond to largely different distributions. To provide more information, different metrics are commonly used, with the most common ones being the D 10 and D 90 , corresponding to the value of diameter which encompasses 10% and 90% of the population, respectively, or the standard deviation, when the population follows a normal distribution. Derived quantities can then be calculated from these metrics, such as the coefficient of variation (COV), defined as the ratio of standard deviation and arithmetic mean, used for static light scattering measurements and defined by the ISO 13320 standard. [46] Figure 1. Nanoparticle size characterization. a) Spherical particles are described by a single size parameter. However, for nonspherical nanoparticles, several dimensions are needed to fully report their dimensions; b) the calculation of the effective radius is based on nanoparticle behavior or on the method of detection. The definition of this quantity might differ considerably from the physical nanoparticle dimensions; c) different mean sizes can be calculated for a nanoparticle population according to the weighting factors assigned to the population components.
www.advmat.de www.advancedsciencenews.com with equal composition and similar dimensions might present drastically different behaviors as a consequence of their shape, such as surface-binding capability, cellular uptake and release, optical and plasmonic effects, [47] [48] [49] [50] [51] to name some of the major properties affected by particle morphology.
Shape is commonly characterized by use of high-resolution microscopy techniques, such as electron and scanning probe microscopy, which enable the detection of particle morphology with sub-nanometer resolution. These techniques are routinely employed during nanoparticle synthesis for validation and characterization of synthesis outcome. However, electron microscopy typically provides a 2D projection of the particle shape onto a plane, which, for specific cases of highly anisotropic particles, might lead to erroneous estimates of the particle morphology (Figure 2) . To circumvent this limitation, the characterization of particles presenting distinct 3D anisotropy can be carried out by acquiring the projections of a large number of randomly oriented identical particles to reconstruct their spatial arrangement, [52] or by electron tomography. [52, 53] Information on shape and anisotropy of particles in solution can also be obtained by using scattering-based techniques, which can more readily be applied in solution, such as by combining static and dynamic light scattering characterization. [54] However, the underlying ensemble-based analysis of the particles in solution only enable to infer, quantitatively, an anisotropy factor of the particles, and a detailed study of particle morphology remains limited to high-resolution microscopy. Nevertheless, the qualitative shape information obtained by scattering-based characterization methods are often necessary to confirm microscopy results, as sample preparation and electron-microscopy evaluation might affect the sample agglomeration state or induce damages to the particle framework.
Surface Charge
The boundary between the solid and the fluid phase is a dynamic environment, and multiple phenomena, such as the presence of dangling bonds, or the adsorption or grafting of charged molecules contribute to the appearance of a net charge on the nanoparticle surface. This charge has a primary effect on the behavior of nanoparticles in different environments, in particular on controlling their tendency toward aggregation, as electrostatic repulsion between particles is a key factor promoting the stability of colloidal solutions. [55] In particular, in an electrolyte solution, mobile charges in solution are attracted by the static charges on the nanoparticle surface, effectively leading to a screening of the electric potential, which can ultimately result in particle aggregation. A typical measure of surface charge and colloidal stability is given by the zeta potential ζ, which is defined as the electric-potential difference between the stationary layer of charges surrounding the particles and the solution potential (Figure 3) . [56] Suspensions that feature |ζ| ≥ 15 mV are usually considered to be colloidally stable. Several parameters affect the zeta potential of particles in solution, namely the ionic strength of the solvent, the presence of charged or uncharged molecules that can adsorb on the particle surface, and the pH of the solution. In particular, when dealing with particles that have (de)protonatable groups on their surface, one parameter of interest is represented by the pH at the point of zero charge, pH pzc , i.e., the pH value at which the particles present zero charge on their surface, [57] and hence show a major tendency toward forming large aggregates.
Finally, surface charge also has major implications on controlling the interactions between nanoparticles and biological fluids and samples. The formation of a protein corona on the surface of the nanoparticles and the probability of nanoparticle uptake by different types of human cells and tissues largely depend on the nanoparticle surface charge. [38, 58] For these reasons, the investigation of surface charge is a fundamental step in the formulation of nanoparticle-based therapeutics. [59] 
Porosity
The possibility of synthesizing nanoparticles featuring porous frameworks has greatly expanded the range of application of nanomaterials. [60, 61] Porosity provides the nanoparticles with a drastic increase in their surface-to-volume ratio, which can Adv. Mater. 2019, 1901556 Figure 2 . Nanoparticle shape characterization. TEM provides nanometer resolution on nanoparticle morphology. However, the measured shape is a 2D projection of the nanoparticle morphology, and therefore depends on the relative orientation of the nanoparticle and the electron beam. Scatteringbased techniques provide qualitative information on the nanoparticle shape. Figure 3 . Surface charge and zeta potential of nanoparticles in suspension. Charges on the nanoparticle surface are screened by the free ions in solution, giving rise to two ion layers: a first layer of adsorbed ions on the nanoparticle surface, the so-called Stern layer; a second layer of stationary but diffusing ions that move with the particle. The zeta potential is defined as the potential difference between the slipping plane, i.e., the plane that "separates" the cloud of stationary ions around the particles from freely diffusing ions in solution, and the potential of the bulk solution.
www.advmat.de www.advancedsciencenews.com exceed that of solid particles with equal dimensions by several orders of magnitude. Over the last two decades, porous nanoparticles have attracted considerable attention in the pharmaceutical and medical fields for delivery and targeting of therapeutics [62] [63] [64] [65] and for disease diagnostics. [21, 66] These functionalized nanoparticles have to fulfill diverse tasks during the delivery process, e.g., drug loading, nanoparticle sealing, targeting and cell uptake, endosomal escape, and controlled and triggered release of the drug. [20] For enabling such a wide spectrum of functions, a chemistry has to be developed for the integration of sophisticated inner and outer surface functionalizations: [18] inner pore functionalization for controlled hostguest interactions, [67] and peripheral (outer) functionalization for targeting purposes and drug release at the intended target site. [43, 68] The "orthogonality" of the inner and outer surface chemistry is key in providing such capability to nanocarriers, as it allows to differentiate between the targeting moieties or gatekeepers grafted on the nanoparticle surface and the functional groups attached to the inner surface. Besides "orthogonal" functional groups or derivatization reactions, steric hindrance or electrostatic repulsion can also be used to control the site selectivity of the functionalization and the type of molecules that can enter the pores, and hence provide controlled reaction environments.
To enable the development and characterization of porous nanoparticles, porosity needs to be investigated at different levels (Figure 4) , namely, i) the size of the pore opening; ii) the dimensions and volume of the porous cavity; iii) the interconnection of the porous structure, i.e., whether only superficial pores are accessible from the outside or the whole internal porous network; iv) specific surface area (sum of inner and external surface); v) surface-to-volume ratio; vi) the inner and outer surface functionalization. Despite the large interest in this class of nanomaterials, there is a general lack of standardized methods to investigate at depth all these key features of porous nanoparticles. In the case of a crystalline material, the periodic arrangement of individual building blocks of a nanomaterial in the crystal lattice can give rise to porosity, and when the crystal structure is known, the pore sizes and pore openings can be calculated. Moreover, the porosity of crystalline and noncrystalline nanomaterials can also be measured with different techniques such as gas sorption. Although these approaches can provide fundamental insights into the pore structure of dry particles, they fail to predict possible variations that could occur in solution, such as selective permeation of solvent components within the porous framework. In our discussion, we will also present some specialized techniques that can overcome such limitations in characterization and offer new information on porous nanoparticles in solution.
Characterization Methods
Several characterization methods have been devised to investigate size, distribution, shape, surface charge and porosity of nanoparticles in different environments. Here, we discuss the main techniques for the characterization of these key parameters both in the dry state and in solution. We also introduce some specialized techniques for nanoparticle characterization, which enable to expand the accessible range of information to gain deeper insights into specific nanoparticle properties. Given the large number of existing approaches and techniques, including the combination of different methods in "hyphenated" techniques, different variations of the same techniques, and different approaches to data analysis for a same technique, this article cannot provide an exhaustive list of all available methods for nanoparticle characterization. We rather provide a selection of methods that in our opinion are best suited to characterize a broad range of nanomaterials, which are commonly used and well established.
Characterization in Dry State
The methods discussed in this section are summarized in Table 1 .
Transmission Electron Microscopy (TEM)
Transmission electron microscopy is undoubtedly one of the most important nanoparticle characterization techniques. TEM employs a focused electron beam on a thin (typically less than 200 nm) sample to produce micrographs of nanoscale materials with high lateral spatial resolution [69, 70] (Figure 5a) . Current electron microscopes can achieve resolutions down to 0.05-0.1 nm by reducing image distortion by aberration correctors, hence providing high-resolution images with atomic resolution. [71, 72] TEM also enables studying the crystalline structure of selected microscopic regions of crystalline materials by spatially confining and focusing the impinging beam and detecting the resulting electron diffraction pattern. [73] Thanks to this high spatial resolution and selectivity, TEM enables the investigation of size, shape, and crystal structure at the single-particle level. Once a representative group of images of the nanoparticle sample is acquired, the individual size of ≈1000 randomly www.advmat.de www.advancedsciencenews.com selected nanoparticles should be measured to obtain meaningful statistics for size distribution determination. This procedure can be done either manually (inherently affected by human errors, bias, and subjectivity) or using automated particle analysis methods. [74] [75] [76] [77] Although TEM enables visual inspection of single particles with nanometer resolution, the whole workflow of sample preparation, measurement, and analysis can be extremely labor intensive. [78, 79] In addition, the nanoparticles have to be electron transparent and able to withstand the high vacuum and beam energy employed during characterization. Especially, due to the high-energy electron beam, sample damage is a known problem for organic, polymer and hybrid nanoparticles [26, 80, 81] ( Figure 5 ). This challenge can be addressed by using Cryo-EM (see advanced methods) or by reducing the acceleration voltage, however at the expense of increasing the complexity of the measurement procedure or reducing the attainable resolution. [80, 82] Lastly, TEM is a highly costly technique (acquisition and maintenance costs), and requires highly trained personnel.
Scanning Electron Microscopy (SEM)
Scanning electron microscope enables imaging the sample surface by detecting secondary electrons emitted from the sample upon interaction with the impinging electron beam [83] (Figure 6a) . In SEM, lower beam energies are utilized for sample imaging as compared to TEM characterization, which results in a limited penetration depth of the beam and, hence, in being sensitive solely to the specimen surface. However, this superficial interaction also implies that SEM characterization can be used for the analysis of the morphology of "thick" (>100 nm) samples, which is not possible with TEM. [84] [85] [86] The moderate electron energies employed for SEM analysis limit the resolution to typically >2-3 nm, however at the same time drastically decrease the possibility of beam-induced sample damage compared to TEM. In addition, SEM is by far more user-friendly and enables faster measurements, and features lower acquisition and maintenance costs than TEM. SEM instruments typically also enable investigating the composition www.advmat.de www.advancedsciencenews.com of the sample surface by measuring the amount of elastically backscattered electrons, which depends on the interaction between the focused electrons and the sample material, or by detecting x-ray emission due to e-beam ionization. [84, 85] SEM typically requires conductive substrates for high-resolution imaging and nonconductive samples can be coated with a thin (5-10 nanometer) metallic film before being analyzed. This modification of size and surface structure of nonconductive nanoparticles due to sample preparation has to be accounted for when interpreting SEM micrographs. Environmental SEM, i.e., SEM imaging performed at low pressure instead of high vacuum, enables imaging nonconductive samples, as surface ionization can be reduced by interaction with the low-pressure gas in the measurement chamber. [87, 88] However, this method of detection delivers lower spatial resolution than standard SEM imaging. Finally, when comparing SEM and TEM images, it should be kept in mind that SEM only yields information on the sample surface structure, while TEM interacts with the whole sample volume, hence providing information on sample structure (e.g., it can provide information on the layer thicknesses of core/shell nanoparticles) (Figure 6b ,c).
Atomic Force Microscopy (AFM)
Atomic force microscopy is a scanning probe microscopy technique that can be used to probe and visualize the surface (and several other force-related quantities) of nanometer-sized or even atomic-sized objects. [89] [90] [91] [92] A sharp tip at the end of a cantilever is rastered across the surface of a sample, and the forces the cantilever experiences during the measurement as a result of the interaction of the tip with the sample are recorded with the help of a laser beam reflected off the tip of the cantilever onto a photodiode array. Depending on the measurement mode, this can either be a vertical or lateral deflection of the cantilever, or a change in amplitude, frequency, or phase of an oscillating cantilever. In general, three different modes are used: contact mode, noncontact mode, and tapping mode. In contact mode, the tip is always in direct contact with the surface of the sample. The repulsion of the tip and the surface atoms of the sample result in a vertical deflection of the cantilever, depending on the underlying topography. The lateral deflection of the cantilever can be used in lateral force microscopy (LFM) and measures changes in friction which often occur at the boundary of two different materials. This mode is generally quite robust, but it Adv. Mater. 2019, 1901556 is not noninvasive and can result in a displacement of nanoobjects on a surface, and wear or even damage of the sample or the tip. In noncontact mode, a piezocrystal is used to drive oscillations of the cantilever at or close to its resonance frequency. These oscillations occur slightly above the surface of the sample, and the tip is never in direct contact with the sample surface. Yet, a change in the force between the tip and the sample surface results in a shift of the amplitude, resonance frequency, and phase of the cantilever oscillations, which can be used to draw conclusions about surface properties such as surface topography. This mode is usually used in (ultra) high vacuum, and can achieve very high resolutions, down to the atomic level. [93] Tapping mode (or intermittent contact mode) is similar to noncontact mode. An oscillating cantilever is used as well, but instead of oscillating strictly above the sample surface, the tip "taps" on the surface during the oscillations. This mode is much less invasive than contact mode and is most commonly used under atmospheric conditions. It can even be used in liquids. Besides the attractive or repulsive forces between the tip and the atoms on the sample surface that change depending on the distance between the cantilever and the surface atoms (and hence with surface topography), various other parameters can be investigated with AFM, such as magnetic forces in MFM, chemical forces in CFM, or the surface potential in KPM. If the nano-objects are directly on the surface of an (ideally smooth and flat) substrate, no specific sample preparation is necessary prior to the measurement. Particles in suspension have to be deposited on a smooth surface (such as mica or a silicon wafer) first. Unlike in scanning tunneling microscopy, electric conductivity is not necessary for a standard topography scan in AFM. The scanned image shows directly the size and morphology of the nano-objects. However, it is worth noting that the size in the z-direction is usually very precise, while the lateral size (and shape) is a convolution of the nano-objects and the size/shape of the probe tip. Typically, the scanned area is limited to tens or a few hundreds of micrometers, and depending on the measurement mode and the size of the scan area, image acquisition can take several minutes.
X-Ray Diffraction (XRD)
X-Ray diffraction is a versatile technique used to investigate a wide range of structural aspects in crystalline samples. The attainable information ranges from microscopic features, such as the arrangement of the crystal components, to macroscopic information, such as the mean shape and size of crystals. This information can be obtained by analyzing the full width at halfmaximum (FWHM) of the Bragg reflections. Since every Bragg peak is associated with a unique crystallographic direction, the FWHM is influenced by the number of atoms contributing to the scattering events and this number is directly connected to the size of the crystal planes generating the specific reflection. Different sizes for different crystallographic directions are associated to a specific shape (i.e., morphology) of the crystallites, which can therefore be refined against the XRD pattern.
For a defined crystallographic direction, the mean value of the crystal size can be estimated by using the Scherrer equation (Equation (1)), often erroneously referred to as Debye-Scherrer equation. [94] This equation considers the ideal condition of a perfectly parallel, infinitely narrow and monochromatic X-ray beam incident on a monodisperse powder of cube-shaped crystallites. [95] The equation is
where D hkl is the crystallite size in the direction perpendicular to the lattice planes, hkl are the Miller indices of the planes belonging to the peak that is being analyzed, K is a numerical factor commonly referred to as the crystallite-shape factor, [96] λ is the wavelength of the X-rays, B hkl is the FWHM of the diffraction peak in radians, and θ is the Bragg angle. Given the strong assumptions regarding the instrumental ideality, the extracted mean size value always needs to be corrected for instrumental broadening effects. Standard phases with known crystal size and narrow size distribution are commonly used to calculate the instrumental broadening, or FWHM instr , whose contribution needs to be subtracted from the FWHM used in the Scherrer equation.
Although this equation constitutes a valuable approach to estimating the mean crystallite size of a polycrystalline sample, the user must be aware of some important issues. First, when reflections related to different crystallographic directions are used for extracting a unique value of crystallite size, any information regarding the crystal shape is lost as the final size value is averaged over all the crystallographic directions. Second, other structural features of the sample contribute to the peak broadening besides crystal size, such as lattice strain, defects or the nanoparticle size itself, [97] [98] [99] [100] resulting in overestimated FWHM values and consequent underestimated crystal size. Lastly, but most importantly, the information available by XRD experiments arises from the structural properties of crystal domains and not necessarily from the entire particle. [101] For this reason, when analyzing particle sizes, the use of different analysis methods, such as TEM or SEM, is necessary to obtain reliable information.
Small-Angle X-Ray Scattering (SAXS)
Small-angle X-ray scattering is a very versatile method for the characterization of nanomaterials. [102] [103] [104] The sample is illuminated with X-rays and the scattered irradiation is registered by a detector at small angles, usually between 0.1° and 5°. Based on the intensity distribution of the scattered X-ray photons that are passing through the sample, information about particle size, size distribution, morphology, crystallinity, molecular weight, and agglomeration can be obtained. If the absolute intensity that is monitored by the detector is properly calibrated, information about particle concentration or porosity is also available. The samples can be solids, powders, composites, or dispersions of nanoparticles in a liquid medium. Being an ensemble method, SAXS probes a very large number of nano-objects simultaneously, and the measured data gives a statistically relevant average over a large portion of the sample. Moreover, only minimal sample preparation is required, the measurement is usually nondestructive, and can often be used under in situ www.advmat.de www.advancedsciencenews.com or in operando conditions to study colloidal nanosystems in their native state. The recorded SAXS pattern consists of two components, namely the form factor, which contains information about mean structural properties of the nanoparticle (i.e., morphology and size), and the structure factor, which can yield information about the positional correlation of the nanoparticles (e.g., if the particles interact with each other and assemble into higher order structures). However, for nonidentical and nonspherical particles, approximations such as the decoupling approximation (assuming that particle size and shape are independent of their spatial position) or the local monodisperse approximation (assuming that at short ranges all particles are identical) have to be used in order to separate the recorded intensity values into a product of form factor and structure factor. Also, due to the polydispersity and nonuniformity of any synthesized nanomaterial, some prior knowledge of the sample is often required to impose certain constraints on the model used to describe the data, since the solution might be ambiguous if all possible sizes and shapes are allowed. [102] 
Mass Spectrometry (MS)
Mass spectrometry was used originally for the characterization of nanoparticle composition by revealing the stoichiometry of their building blocks after digestion and dissolution. With the introduction of soft ionization techniques, such as electrospray ionization (ESI) and matrix-assisted laser desorption ionization (MALDI), and methods of separation and detection able to analyze samples in the Megadalton range, such as ion-mobility spectrometry (IMS), time-of-flight (TOF) analysis, and singleparticle inductively coupled plasma-mass spectrometry (singleparticle ICP-MS), the range of application of MS has been extended to the analysis of intact nanoparticles ranging from few nanometers to hundreds of nanometers in diameter. [105] [106] [107] [108] Thanks to the versatility of the analysis methods, MS has been used to investigate a variety of nanoparticle properties besides elemental composition. [107] [108] [109] Integration of nanoparticle size separation and MS detectors made it possible to study the number concentration and size distribution of nanoparticles of a few tens of nanometers with single particle detection capability. [110] [111] [112] [113] MS is also unique in providing information on the functionalization layer grafted on the surface of nanoparticles. [114, 115] Furthermore, MS has often been applied in the investigation of interactions between nanoparticles and biomolecules after exposure to biological fluids to identify and quantify the composition of complex protein coronas on the nanoparticle surface. [116] [117] [118] Finally, the ability of MS to ionize and investigate soft materials, such as tissues, has rendered this technique invaluable in studying the biodistribution and uptake of nanoparticles within different organs upon administration of nanoparticle solutions for toxicology studies. [119, 120] 
Gas Sorption
Analyzing the adsorption and desorption of gas molecules (e.g., nitrogen) under isothermal conditions on solid surfaces is a widespread technique for the characterization of porous bodies. By recording the adsorption and desorption isotherms, fundamental data including the surface area, pore size distribution and accessible pore volume of a given material can be obtained. [121, 122] These different properties are determined by the evaluation of sorption isotherms using different data analysis techniques such as the Brunauer-Emmett-Teller (BET) method. Sorption isotherms are subdivided into eight different types according to the IUPAC definition. [123] The experimental data allow the classification of the investigated material as microporous (pore size below 2 nm), mesoporous (between 2 and 50 nm), or macroporous (above 50 nm).
For nonporous materials, the volume-specific surface area (VSSA) can be used to classify it as a nanomaterial. [124] [125] [126] [127] VSSA is defined according to Equation (2)
where S is the external surface of the sample, V is the solid volume, SSA is the specific surface area (surface per mass), and ρ is the material density. According to the European Commission (EC) recommendation, a material with a VSSA larger than 60 m 2 cm −3 can be considered a nanomaterial. [128, 129] The external surface can be readily measured for nonporous nanomaterials via gas adsorption measurements and by analyzing the results with the BET method. However, for porous nanoparticles the BET surface area is a sum of the external and internal surface. This implies that the external surface has to be extracted by using a modified t-plot approach. [125] The basic principle of this method is to compare the measured gas adsorption isotherm with a reduced form of standard isotherms (the t-curves) measured for nonporous solids. For this comparison, the adsorbed nitrogen volume is plotted against the thickness t of the adsorbed layer as obtained from the standard isotherms for the material in question (e.g., silica, alumina, carbon). In an intermediate partial pressure range (p/p 0 = 0.25-0.55), this comparison usually results in a linear relationship with the slope relating to the BET value. If a second linear part can be observed at higher partial pressure values (p/p 0 > 0.6), the slope of this second part can be related to the external surface. Likewise, if a linear relationship is also measured at lower partial pressure range (p/p 0 < 0.3), the slope can be used to extract the internal surface area.
Characterization in Suspension
The methods discussed in this section are summarized in Table 2 .
Dynamic Light Scattering (DLS)
Dynamic light scattering estimates the particle size from the Brownian diffusion of the particles in solution. The low sample amount required for analysis, the short acquisition and analysis times (in the range of few minutes in total per sample), the dynamic range spanning from nanometer to ≈10 µm, and the compatibility of the technique with a large variety of solvent www.advmat.de www.advancedsciencenews.com compositions render DLS extremely suitable for routine and rapid characterization measurements. DLS size estimation is based on the determination of the free diffusion coefficient of suspended particles. [130] A laser is transmitted through a measurement cell containing the particle suspension, and the random thermal motion of the particles causes time-dependent fluctuations of the intensity of the scattered light (Figure 7a) . The time correlation of these fluctuations is directly dependent on the diffusion time of the scattering objects, i.e., the particles, through the laser spot. An autocorrelation analysis of the time-domain signal is then used to estimate the diffusion coefficients of the particles, which are proportional to the scattering correlation time, and to investigate the population size distribution, which affects the shape of the autocorrelation curve.
Particle size is then inferred from the diffusion coefficient through the Stokes-Einstein equation (Equation (3)) [130] 
where D is the diffusion coefficient, k B is the Boltzmann constant, T indicates the temperature at which the analysis is carried out, and η is the kinematic viscosity of the solvent. R h indicates the hydrodynamic radius of the particles, i.e., the radius of a spherical particle whose diffusivity equals that of the sample under examination. For nonspherical particles, R h can differ significantly from the actual particle dimensions, and previous knowledge of particle shape is required to translate this parameter into more representative size estimates. DLS is an ensemble-based technique, and care needs to be taken when interpreting measurements of particle suspensions with a high level of polydispersity (Figure 7b,c) . Different algorithms have been developed to interpret the correlation function resulting from polydisperse populations of particles. [131] [132] [133] Adv. Mater. 2019, 1901556 However, due to the high dependence of scattering intensity on particle size, size estimation is typically biased toward the larger population components. [134] Therefore, sample-size fractionation prior to data acquisition is the most effective route to ensure correct estimation of size parameters for highly polydisperse sample populations. [135] Finally, DLS can be carried out on any optically clear particle suspension, provided that the kinematic viscosity of the solvent is known or is characterized by using calibrated monodisperse particle suspensions.
Static Light Scattering (SLS)
Static light scattering is used to estimate the radius of gyration and the molecular weight of proteins and nanoparticles in suspensions. The radius of gyration r g (Equation (4)) represents the mass-weighted radius of the particle and it is defined as 
where m i and r i are the mass and distance from the center of mass, respectively, of the ith element composing the particle. [29] As an example, = 3 5 g 2 r a for a spherical particle, where a is the particle radius. As such, a priori knowledge of particle shape is necessary to properly relate the estimated radius of gyration to the particle dimensions. [29] Molecular weight and radius of gyration are estimated by measuring the time-averaged intensity of light scattered by a colloidal suspension at different concentrations. [54] A Debye plot is then generated by plotting the variation of scattering intensity as a function of particle concentration, and the slope and intercept at zero concentration of the obtained curve can then be used to calculate the molecular weight and the radius of gyration of the particles in solution. [54, 136] This relation is theoretically valid only for zero-angle scattering. However, the scattering intensity cannot be measured at this angle due to the transmitted light. For particle below ≈40 nm, scattering can be measured at a single angle and used to estimate the zeroangle scattering intensity. [29] In contrast, for larger particles, the measurement at multiple scattering angles is necessary due to the different forward and backward scattering intensities. SLS is an ensemble-based measurement technique and, as for DLS, scattering intensity scales dramatically with particle size. For polydisperse particle populations, the use of sample fractionation is advisable to properly estimate the radius and molecular weight of the particles in suspension. [29] 
Nanoparticle Tracking Analysis (NTA)
Similar to DLS, nanoparticle tracking analysis provides size characterization based on the free diffusion behavior of particles in solution. NTA measures particle diffusion by tracking the random motion of single particles in solution via high temporal-resolution video acquisition and enhanced contrast microscopy [137] (Figure 7A ). NTA measures the diffusion of the objects in suspension with single-particle resolution, and hence it is particularly suitable for the characterization of size distribution for highly polydisperse nanoparticle populations (Figure 7b,c) . NTA can be used for measuring particles with hydrodynamic radii ranging from ≈30 nm to ≈1 µm. [138] The ability to detect and track single particles in solution also makes it possible to estimate the particle concentration during size characterization. Despite these key advantages with respect to scattering-based size characterization, the higher costs of the equipment, the need of sample concentration or dilution to typi cally 10 8 to 10 9 particles mL −1 (which might differ significantly from the sample concentration required for the intended application), and the required high level of scattering of the particles limit the wide application of NTA. Therefore, DLS still www.advmat.de www.advancedsciencenews.com remains the main technique used for routine size characterization of nanoparticles in liquid.
Electrophoretic Light Scattering
Electrophoretic light scattering is used to estimate the zeta potential ζ of nanoparticles in suspension from their electrophoretic mobility µ e , defined as µ = e v E , where v is the particle velocity and E the externally applied electric field. [139] The zeta potential and the electrophoretic mobility are then related by the Henry equation (Equation (5) 
where ε r is the relative permittivity of the solution, ε 0 is the permittivity in vacuum, f(KA) the Henry function, and η the viscosity of the solution. Similar to DLS, a laser is transmitted through the measurement cuvette and an electric field is applied to the particle suspension. If the particles are charged, they experience a movement toward the electrode with opposite charge sign with respect to their surface charge. The movement of the particles induces a shift in frequency, a so-called Doppler shift, in the scattered light, which is proportional to the particle velocity. [140] This Doppler shift and the movement direction toward the positive or negative electrode are then used to estimate the electrophoretic mobility of the particles in suspension and, in turn, their zeta potential. However, ζ depends on the particle environment, and the pH and ionic strength of the solution or the particle concentration strongly affect its value. [139] As such, the zeta potential of a suspension of nanoparticles should be characterized under conditions that closely mimic the final working environment of the nanoparticles. Different experimental arrangements have been developed to enable measurements in concentrated samples (>0.01-0.1% v/v), where multiple scattering effects and high solution turbidity would prevent electrophoretic characterization via light scattering detection. [141] Electrophoretic light scattering is often performed with the same instruments that are also used for DLS characterization.
Analytical Ultracentrifugation (AUC)
Analytical ultracentrifugation provides the size, size distribution and density of a suspension of nanoparticles by detecting the sedimentation properties of the nanoparticles when subjected to a centrifugal force. [142] The instrument consists of a high-speed centrifuge equipped with a transparent cell and a detector to monitor the evolution of the dynamic concentration profile of the particles along the cell axis during centrifugation (sedimentation velocity), and the final thermodynamic equilibrium (sedimentation equilibrium). [143] During sedimentation, particles of different size and molecular weight separate and sediment at different rates, therefore multimodal sample distributions can be detected. The extremely high sensitivity of AUC to variations in density and mass of the nanoparticles renders this technique particularly suitable for investigating particle surface coverage. [4, 144] Furthermore, the possibility of integrating multiwavelength optical characterization during sample sedimentation largely expands the range of application of AUC in nanoparticle characterization, enabling, e.g., to investigate nanoparticle-protein interaction [145] or particle shape and optical behavior of polydisperse sample populations in a single experiment. [146] However, data interpretation and translation of sedimentation parameters into size and shape information is not trivial, and can be affected by several factors, such as sample concentration or sample interactions. The high costs of the instrumentation and the long analysis times required, however, strongly limit the widespread application of this technique.
Size Exclusion Chromatography (SEC)
Typically used for the separation and analysis of macromolecules and viruses, size exclusion chromatography is increasingly used for the separation of polydisperse populations of nanoparticles according to their hydrodynamic radius. [147] A SEC separation column is packed with porous microparticles featuring different pore apertures ranging from a few nanometers up to hundreds of nanometers, forming the so-called solid phase of the column. The sample solution, or liquid phase, is then inserted into the column and pressure is applied to make the nanoparticle suspension flow through the column. SEC separation exploits the differential diffusion of nanoparticles into the pore structure of the solid phase: Particles with smaller hydrodynamic radius tend to diffuse more into the porous structure of the solid phase, while larger components of the population travel faster through the column due to shorter diffusion paths and less interaction with the solid phase. Effective sample fractionation is obtained as the liquid phase is eluted from the column. SEC is commonly used in both research and industrial settings for producing highly monodisperse sample populations both in polymer science and biotechnology, e.g., for the separation and analysis of proteins and viruses. [148] Similarly, SEC separation has been widely used for the purification of nanoparticles. [149] [150] [151] However, the application of this technique for quantitative analysis and characterization of particle size has numerous limitations. Although particles of known dimensions can be used to calibrate the relationship between elution time and particle size, absolute size quantification and fractionation can be highly challenging. [152] Particles with different surface charges and shape can interact differently with the solid phase, which complicates the prediction and translation of elution times into size information. However, the compatibility of this technique with industrial production and characterization is promoting efforts toward the investigation of SEC separation for quantitative nanoparticle size analysis. [147, 152, 153] 
Field-Flow Fractionation (FFF)
Field-flow fractionation encompasses a class of techniques that use differential transport of nanosized objects along a microchannel for separation and characterization. The sample is introduced in a channel featuring a parabolic laminar-flow www.advmat.de www.advancedsciencenews.com profile and a force perpendicular to the flow direction is then applied, which induces sample accumulation against one channel wall. Due to sample diffusion, a concentration gradient is generated across the cross section of the transport channel. Particle diffusion is dependent on the hydrodynamic radius, therefore particles of different dimensions establish different concentration gradients in the channel cross section. These gradients of distributions ultimately result in different mean transport velocities and elution times of particles with different sizes. [154] The perpendicular accumulation force, flow velocity and channel dimensions can be tuned to change the resolving power of the FFF separation. FFF can provide absolute size quantification if the relationship between the elution time and the applied force is known or can be calibrated using standards. In addition, the technique can be used to separate the sample population and generate monodisperse distributions of particles for downstream analysis. The low shear stresses experienced by the particles and the tunable selectivity of the FFF analysis have rendered this technique a commonly used analysis method for investigating nanoparticle populations. [155] As different forces can be applied to induce sample accumulation at the channel wall, FFF has been used to investigate different physicochemical properties, such as magnetic susceptibility by use of magnetic gradients, dielectric properties by applying external electric fields, or particle composition by applying thermal gradients or sedimentation forces. [156] However, FFF is typically used for size-based separation and investigation of polydisperse samples. The most common FFF technique is flow field-flow fractionation (usually referred to as FIFFF), which exploits a perpendicular cross-flow to induce a drag force for driving the particles toward the accumulation wall. This perpendicular force is proportional to the cross-flow velocity u, the fluid dynamic viscosity η and the particle hydrodynamic radius R h , as defined by Stokes' law F = 6πηR h u . [157] Porous membranes at the channel walls allow fluid to exit perpendicular to the axial transport direction, while retaining particles within the separation channel. According to the configuration of the cross flow and used porous membrane, FIFFF is further divided in different subtechniques, with hollow-fiber FIFFF (also known as HF5) and asymmetric-F1FFF (AF4) being the most commonly used techniques for routine analysis.
Fluorescence Correlation Spectroscopy (FCS)
Fluorescence correlation spectroscopy and fluorescence crosscorrelation spectroscopy (FCCS) [158, 159] rely on the detection of emitted light rather than scattered light. As fluorophores diffuse in and out of the confined volume of excitation light in a confocal microscopy setup, they emit fluorescent light, and the resulting intensity fluctuations of the emitted light are recorded by a detector. Similar to DLS, the intensity fluctuations can be used to generate an autocorrelation or cross-correlation function which in turn allows for extracting translational diffusion coefficients, and the diffusion coefficients themselves depend on the hydrodynamic particle size. [160, 161] At the same time, the amplitude of the signal depends on the number of fluorophores present in the excitation volume. Besides determining diffusion coefficients, the techniques can also be used to investigate chemical rate constants, molecular concentrations, or-especially in the case of FCCS-binding events in complex systems that do not cause a significant change in mass and hence in diffusion properties. [162] Typically, the concentration should be rather low (on the order of 5 molecules at any given time in the excitation volume), and the technique is especially useful for characterizing small, dynamic systems.
Tunable Resistive Pulse Sensing (TRPS)
Tunable resistive pulse sensing is a technique for the characterization of size, zeta potential and concentration of particles in suspension with single-particle resolution and in complex medium conditions. [163] TRPS is based on the Coulter principle, which measures the variation of ionic current through a pore due to partial blocking of the pore aperture caused by the passage of a particle. As such, TRPS requires the use of conductive solutions for the analysis. However, this requirement renders this technique compatible with the characterization of nanoparticles under physiological buffer conditions for investigating the fate and interactions of nanoparticles in complex media. [164] TRPS differs from standard resistive pulse measurements, as the pore aperture can be tuned by stretching the pore-containing membrane. The tunability of the pore aperture enables both to clear the pore in the case of clogging, as well as to adapt the measurement sensitivity during acquisition. [165] Equation (6) describes the flux of particles (particles m −2 s −1 ) through the pore [165] ε η ζ ζ ( ) ( )
where J ep and J eo represents the electrophoretic and electroosmotic fluxes generated by the electric field E, respectively, and J pdf indicates pressure driven flux with volume flow rate Q. C indicates the particle concentration, and ε and η are the solution permittivity and viscosity. Finally, ζ part and ζ pore are the zeta potential of the particle and pore, respectively. From Equation (6), when J ep and J eo are negligible with respect to J pdf , particle concentration can be measured by calculating the rate of recorded events, if the pressure-driven flow is known. The amplitude of the induced current variations carries information on particle size and scales with the ratio of particle size and pore aperture. Furthermore, investigation of the induced-peak shape can also provide information on particle shape and anisotropy. [166] Finally, TRPS can also be used to measure the surface charge of particles in solution. This property can be obtained either by varying the applied pressure and measuring the electric field across the pore so that J = 0, or, if J pdf is known from calibration, by estimation from the particle velocity, which is proportional to the width of the induced peak. [165] This latter method, in particular, enables to obtain single-particle surface-charge measurements.
Although it is generally assumed that the signal amplitude scales linearly with the particle volume, this relationship deviates from linearity when the particle size approaches that of the pore aperture or for highly stretched pores, which might feature a nonpredictable aperture shape and size. [163] As these effects www.advmat.de www.advancedsciencenews.com are difficult to model with precision, the use of calibrated particles of different dimensions can be used to characterize the response of TRPS for samples of different sizes.
Advanced Techniques
The advanced techniques presented here are of interest for the characterization of specific properties of nanoparticles and of their behavior, which cannot be accessed using standard characterization methods. The methods discussed in this section are summarized in Table 3 .
In Situ Liquid-Cell (LC) and Atomic-Resolution (AR) TEM
As discussed previously when presenting the dry-state characterization techniques, TEM is a unique and powerful characterization method, however normally restricted to samples in dry state. In situ liquid-cell TEM has been developed to overcome this major limitation. [167] Here, a nanoparticle suspension is sandwiched between two electron-transparent windows and the system is hermetically sealed to protect the liquid from the vacuum environment of the TEM [168] [169] [170] (Figure 8a ). This technique makes it possible to image previously "unobserved" processes such as nucleation and growth of nanoparticles as well as their interaction and assembly. [168, 171] The power of LC TEM has been demonstrated by studying several aspects of synthesis and use of gold nanoparticles, namely their nucleation rates, [172] and the dynamics and assembly between bare and functionalized particles (Figure 8b ). [173] [174] [175] [176] Finally, atomic-resolution transmission electron microscopy (AR-TEM) enables the study of dynamic processes and provides real-time observation of changes at the molecular level with atomic sensitivity. [177, 178] The first study in 2007 reported AR-TEM movies of conformational changes of a single hydrocarbon molecule. [179] The use of this technique for nanoparticles is just at the beginning, but it opens interesting avenues, such as the investigation of nanoparticle-protein interactions. [177] 
Electron Cryo-Microscopy (Cryo-EM)
Electron cryo-microscopy fills an important gap, as it allows direct imaging of biological nanoparticles that cannot be dried without damage. [180] Such nanoparticles are abundant in nature, e.g., protein/RNA complexes, organelles, and viruses. [181] However, also artificial nanoparticles can be challenging to dry without affecting their stability, as it is often the case for liposomes and many types of drug formulations. The field of cryo-EM has been transformed by a series of breakthroughs in hardware development and computational methods over Single-particle and atomic resolution, imaging of dynamic processes Extremely low throughput, high costs, highly trained users [170] Cryo-EM Flash-frozen solution Size (<1 to ≈100 nm) Shape (2D projection and 3D reconstruction)
No drying or staining required, compatible with materials sensitive to e-beams Very low signal-to-noise ratio, high costs, highly trained users [82, 181, 183] Electron tomography Dry and in solution Size (<1 to ≈100 nm) Shape (3D imaging)
3D imaging of individual nanoparticles
Extremely low throughput, high costs, highly trained users [53, 187] NMR cryoporometry and DSC thermoporosimetry
In solution (freezing and thawing)
Pore aperture Pore volume
Investigation of pore volume and volume accessible to solvents in solution Limited throughput, ensemble-based [194] Super-resolution microscopy Dry and in liquid Surface coating NP structure and behavior Selectivity provided by fluorescent tag, can be performed on dynamic systems
Limited optical (>30 nm) and temporal (50-100 ms) resolution [199] Single molecule fluorescence microscopy
In liquid
Pore structure Pore functionalization Information on the internal porous structure of materials Host material must have low autofluorescence, dye has to be able to diffuse inside the porous structure [204, 205] Nanomechanical resonators www.advmat.de www.advancedsciencenews.com the past decade. Although the attainable resolution is strongly sample dependent, values down to 2 Å have been reported, [182] while values better than 10 Å are achieved relatively routinely today. [183] Ice crystallization constitutes the biggest risk for the integrity of the structure when samples are prepared for cryo-EM. To prepare samples that are frozen amorphously, or vitrified, for TEM analysis, a few microliters of a suspension are applied to a TEM grid, blotted in a humidified chamber to leave a water film only ≈100 nm thick, and flash frozen by plunging the grid into liquid ethane or propane at high speed (Figure 9a) .
Dry and in suspension

Mass
TEM is then used to obtain 2D projection images of the nano particles embedded in vitreous ice. These images often have very low contrast, as the electron density in organic materials differs only weakly from the solvent (Figure 9b ). [181, 184] When the particles are identical, such as certain types of viruses or protein complexes, analysis algorithms are able to reconstruct the 3D structure from a large set of images of randomly oriented single particles. When the particles are not identical, the projection images still provide valuable information about their inner structure, size, and size distribution. If the material can tolerate a higher electron dose, tilt-series can be acquired to enable reconstruction of the 3D-structure of individual particles by cryo-electron tomography (cryo-ET). [82, 181] Another valuable technique is cryogenic scanning electron microscopy (cryo-SEM). Because the signal in SEM emerges mainly from the surface of the sample, different preparation techniques than in cryo-TEM are required to access nanoparticles embedded in vitreous ice. Vitrified samples for cryo-SEM are often made by high-pressure freezing, which is able to yield amorphous ice specimens up to several hundred micrometers thick. To expose the inner structures, one approach is to fracture the vitrified blocks in a method known as freeze fracture. Alternatively, focused ion beam (cryo-FIB) milling or cryo-ultramicrotomy can be used to make serial sections. An important advantage of cryo-SEM is that the cost for the instruments is significantly lower than for TEM. The wide field of view of the SEM is useful for observing the interaction of nanoparticles with larger objects, such as whole cells. However, the attainable resolution rarely exceeds 1 nm and does not provide the detailed insight into the molecular structure that modern cryo-TEM can achieve. [181] Adv. Mater. 2019, 1901556 Figure 8 . LC-TEM and AR-TEM. a) A nanoparticle suspension is sandwiched between two electron-transparent windows (e.g., made of thin silicon nitride) to prevent the evaporation of the solution in the high vacuum environment during TEM imaging; b) formation of gold nanorod chains by sequential attachment of nanorods in solution. Adapted with permission. [176] Copyright 2017, American Chemical Society; c) conformational changes of a biotinylated molecule grafted to the tip of a tapered single-walled carbon nanotube. The number refers to the frame number extracted from the TEM movies. Adapted with permission. [178] Copyright 2015, American Chemical Society.
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Electron Tomography
Conventional microscopy provides a 2D projection of a 3D object. Therefore, information such as shape, thickness or uniformity (e.g., spatial dimension) of nanoparticles can only be roughly estimated, and the interpretation of the projection of complex nanoparticles is quite challenging and can lead to incorrect conclusions. Hence, more information is needed to make reliable statements about the 3D structure of the investigated samples.
Tomography is the best approach to provide 3D information of objects. This method is based on the acquisition of multiple 2D projections of the sample at different angles relative to the incident beam, and on the reconstruction of a 3D representation from these partial images [185] (Figure 9c ). Tomography has been originally developed for X-ray analysis and is nowadays a widely used approach in medicine (computed tomography), but it is not suitable for nanoparticle analysis.
Electron tomography is the technique of choice for studying the 3D structure of a nanoparticle (Figure 9d ). [186] [187] [188] Recently, this method could be expanded to study individual nanocrystals in solution. [52] However, electron tomography has several important limitations such as poor statistics, very low throughput (a single nanoparticle 3D visualization can require about one day of data acquisition and multiple days of data processing and 3D reconstruction), and a high level of complexity (especially the tomographic reconstruction of the 3D image), which limit this technique to highly trained specialists. In addition, particle drift and beam damage induced changes of the object during the investigation have to be taken into account during the reconstruction and rendering of the 3D image.
NMR Cryoporometry and DSC Thermoporosimetry
Liquids confined within nanometer-sized pores experience a decrease in freezing and melting temperature with respect to their bulk counterparts as a consequence of the extremely high surface-to-volume ratios of the confined crystals and the imposed surface curvature. [189, 190] Measuring the variations of the temperature of phase changes provides direct information on the volume and the dimensions of the pores accessible to the liquid [191] (Figure 10a) . Although both freezing and melting phase changes can potentially be used for such a study, detection of melting temperatures is usually preferred to avoid uncertainties arising from supercooling effects. These transition temperatures can be measured with high precision using either differential scanning calorimetry (DSC) thermoporosimetry [192] or nuclear magnetic resonance (NMR) cryoporometry. [193, 194] With respect to commonly used gas sorption techniques to measure the pore windows and the pore sizes, NMR and DSC measurements are carried out in liquid and no drying of the sample that could potentially affect the nanoparticle framework is required. This is particularly important when detecting the pore size and pore size distribution of delicate structures envisioned to work in liquid environments, such as hydrogel nanoparticles [195] or porous biopolymeric nanoparticles. [196] Furthermore, the ability to probe nanoparticles directly in solution enables studying dynamic variations in the porous structure of the nanoparticles when exposed to different solvent conditions (Figure 10b ). [197] 
Super-Resolution Microscopy
The ability of providing dynamic information with spatial resolution below the conventional diffraction limit of optical microscopy has rendered super-resolution microscopy, or nanoscopy, an essential tool in cell and tissue biology research. [198] Spatial resolution below the diffraction limit is achieved by employing acquisition strategies to improve the localization of single emitting fluorophores (such as photoactivated localization microscopy or stochastic optical reconstruction microscopy) or by reducing the size of the point-spread function of the emitted light (such as stimulated emission depletion or structured illumination microscopy) (Figure 11a) . Recently, super-resolution microscopy has also found applications in material science for providing superior optical characterization of samples under investigation. [199] Although higher spatial resolution can usually be obtained by electron microscopy or scanning probe microscopy, fluorescence-based characterization can provide higher selectivity, higher contrast and nonsuperficial characterization, depending on the fluorescent labeling strategy employed. Examples of such enhanced selectivity and Adv. Mater. 2019, 1901556 Figure 9 . Cryo-EM and electron tomography. a) Main steps required for sample preparation for cryo-EM; b) spherical nanoparticles formed by a poly(styrene) core with grafted chains of poly(styrene sulfonate acid). Cesium ions and bovine serum albumin were used to enhance the image contrast of the brush layer. Reproduced with permission. [184] Copyright 2005, American Chemical Society; c) to perform electron tomography, different EM micrographs are obtained by varying the angle between the sample and the incident EM beam; d) Cryo-EM tomogram revealing the localization of clusters of superparamagnetic iron oxide nanoparticles (purple) within the bilayer of liposomes (yellow/green). Scale bar 50 nm. Reproduced with permission. [188] Copyright 2014, American Chemical Society.
www.advmat.de www.advancedsciencenews.com nonsuperficial characterization are the visualization of the hollow nature of lipid coated nanocapsules, [200] the characterization of the internal compartmentalization of core-shell microgels, [201] the swelling and contraction of microgel nanoparticles (Figure 11b ), [202] and the penetration and adsorption of fluorescently labeled proteins with different molecular weights into the framework of mesoporous silica nanoparticles with different pore sizes (Figure 11c ). [203] 
Single Molecule Fluorescence Microscopy
Single molecule fluorescence microscopy and tracking can be used to obtain valuable information about the porous system and the host-guest interactions of nanomaterials. [204, 205] The dynamics of guests inside porous nanoparticles, and the interactions of the guests with the walls of the nanoparticles are sometimes the key for the targeted application. Examples of the application include the investigation and mapping of the internal porous structure and defects of porous nanomaterials by following the diffusional movement of fluorescent dyes inside the pores (Figure 11d ), [206] [207] [208] or the determination of the diffusion coefficients of dyes and oligonucleotides inside a porous nanomaterial in dependence of the functionalization of the pore walls. [209] [210] [211] The latter can give detailed information on how the presence and density of functional groups on the pore walls affect the diffusional movement of the guest mole cules, for example through electrostatic interactions.
Nanomechanical Resonators
Micromechanical resonators present a characteristic resonance frequency which depends on the oscillating mass of the resonator. Thanks to the extremely low inertial masses of nano-and micron-sized resonators (attogram to nanogram inertial mass) and the high quality factors, adsorption of particles on the surface of a resonator causes a detectable shift in resonance frequency, proportional to the mass of the adsorbed particle. This nanomechanical-based mass spectrometry has enabled the characterization of mass of single intact nanoparticles regardless of the ionization state of the sample, allowing the mass measurement of neutral particles in the Megadalton to Gigadalton regime, which is not possible with standard mass spectrometry approaches. [212, 213] This method of detection can be extended to colloidal suspensions by embedding a microfluidic channel into the resonator to enable particles in solution to cross it, while retaining its oscillation in a vacuum environment. [214] These devices, called suspended microchannel resonators, have enabled the characterization of samples of gold nanoparticle mixtures ranging from 10 to 20 nm in diameter, with single-particle detection capability. [215] By allowing multiple particles to flow simultaneously through the embedded channel and by employing an autocorrelation analysis of the time-domain mass signal, the resolution of these devices could be extended to the characterization of nanometer-sized polymer particles. [216] This technique, called Nanomechanical Mass Correlation Spectroscopy, was used to investigate the complex partitioning of binary solvent mixtures within the framework of mesoporous metal-organic framework (MOF) nanoparticles with different surface functionalization (Figure 12) . [217] The particles exhibited different effective densities in solution as a function of pore functionalization and solvent composition, indicating that the local microenvironment within the pore structure of porous nanoparticles might not reflect the bulk solvent composition.
Adv. Mater. 2019, 1901556 Figure 10 . NMR cryoporometry. a) An ideal NMR cryoporometry curve reporting the main curve features; b) melting curve of porous polymer nanoparticles loaded with Carboplatin drug after different incubation times in artificial cerebral spinal fluid. The NMR cryoporometry curves show an increase in small pores and total pore volume within the first 2 days, which corresponds to a burst release of drug in solution. Reproduced under the terms of the CC-BY license. [197] Copyright 2014, the Authors. Published by Elsevier.
Nanoparticle Characterization Overview
Nanoparticle characterization is generally motivated by the requirements of specific applications. Such requirements are often given in the form of safety regulations or quality control standards. If the application does not already prescribe a specific set of characterization techniques, some general guidelines can be considered. Here we aim to provide some general recommendations to help with the selection of methods in a wide range of applications. As a starting point, the flowchart in Figure 13 provides a framework organizing the most important techniques described in this article into groups and key questions to help the reader decide which techniques are most suitable for the sample under investigation. Although it is not possible to provide a comprehensive overview of all techniques for all types of samples, we believe that this workflow can be applied to many typical cases of nanomaterials.
Nanoparticle characterization techniques can be categorized as targeting solid samples or powders, shown on the left side of the flowchart, or suspensions, featured on the right.
Solids and powders often come as aerosols or as particles deposited on a surface from a suspension. These samples provide considerable freedom for studying size distribution and particle morphology by electron microscopy, atomic force microscopy, X-ray scattering, or mass spectrometry. Dry samples can be characterized in air or vacuum where no solvent molecules interfere with the measurement.
In most situations, electron microscopy is the method of choice for dry samples because the technique is extremely versatile, precise, relatively simple to use (especially SEM), and widely available. Unfortunately, nonconducting samples accumulate charge and often deform slowly in the electron microscope. Beam-sensitive samples need to be coated with a thin conducting layer (typically platinum, gold, or graphite) or analyzed at elevated pressure by environmental SEM at a low dose. TEM analysis of nonconducting samples also requires attention to the same issues of beam damage and charging.
When electron microscopy cannot be used, AFM can be considered as an alternative. On the one hand, AFM analysis lacks many of the material contrast and elemental analysis options Adv. Mater. 2019, 1901556 Figure 11 . Super-resolution microscopy and single molecule fluorescence microscopy. a) Different methods to achieve optical resolution below the diffraction limit. In STED microscopy (left), a doughnut-shaped light pattern (red) is used to suppress the emission of excited fluorophores (green) in an annulus via stimulated emission ("off" state). The emitting region is thereby confined to a subdiffraction-sized spot at the center of the doughnut. In STORM microscopy (right), only a sparse collection of randomly distributed fluorophores is turned on at any time by a low-intensity wide-field excitation Single molecules are localized with subdiffraction accuracy. This process is repeated for multiple images to reconstruct the complete object; b) contraction of fluorescently labeled microgel nanoparticles upon addition of methanol in solution visualized by dSTORM. Reproduced with permission. [202] Copyright 2016, Elsevier; c) adsorption of different labeled proteins on the surface and within the porous structures of mesoporous silica nanoparticles featuring pores of different size. On the left, the sphere of best fit as calculated from the STORM images. On the right, the fluorescence data are flattened and their distribution is plotted in 2D. Reproduced with permission. [203] Copyright 2017, American Chemical Society; d) left: "maximum projection" overlay of the individual frames of a movie that shows single dye molecules diffusing inside the pores of a mesoporous silica thin film. Right: The underlying porous structure was reconstructed by fitting each single molecule in each frame and linking them together to form trajectories. The trajectories show the real pore structure, including pore alignment and defects, and can also be used to extract dynamic information such as the diffusion coefficient of the dye inside the porous host. Reproduced with permission. [207] Copyright 2012, American Chemical Society.
www.advmat.de www.advancedsciencenews.com offered by SEM. AFM also has lower throughput and can be challenging to perform, as particles that are not stably attached to a surface can be easily dislodged by the scanning AFM tip. On the other hand, AFM provides sub-nanometer topographic resolution and can be used to analyze mechanical properties.
SAXS provides less detail than microscopy in terms of the size distribution and morphology. Scattering patterns are generated from large populations of particles. Although it is possible to extract information about heterogeneity and aggregation of nanoparticles from the scattering patterns, the level of detail to expect does not match the fine grained size distribution and morphology that can be extracted from analyzing electron microscopy images or AFM images.
For the characterization of biological nanoparticles, the molecular weight is often more relevant than physical size or morphology. Mass spectrometry is becoming an excellent tool even for large particles. Long reserved for low molecular weight compounds, this technique now is able to access the range of large macromolecular complexes in the Megadalton range and even beyond. However, the measurement is based on the massto-charge ratio and provides limited information on the actual size and morphology of the particles.
Measuring the surface area of nanoparticles is straightforward by gas sorption analysis when particles come in the form of a dry solid or a powder.
Nanoparticle suspensions are more challenging to analyze by microscopic methods than dry samples. In liquids, electron microscopy is only an option in a few cases where liquid cell TEM can be used. However, liquid cell TEM is still largely at a developmental stage. For most users today, AFM will be the only routinely available method that is able to image nanoparticles in liquids with nanometer resolution.
In choosing alternative characterization methods for suspensions, it is first advisable to consider the expected degree Adv. Mater. 2019, 1901556 Figure 12 . Nanomechanical mass correlation spectroscopy. a) The detection principle of nanomechanical mass correlation spectroscopy. Particles flowing through the microfluidic channel embedded in a mechanical resonator induce transient fluctuations to the resonant resonance frequency, which are proportional to the particle buoyant mass. An autocorrelation analysis of the time-domain signal is used to enhance the particle contribution with respect to the uncorrelated noise background; b,c) MIL-101(Cr) porous nanoparticles were suspended in binary mixtures of different polarities to investigate the dependence of the particle density to the composition of the solvent mixtures. (a-c) Reproduced under the terms of the Creative Commons Attribution-NonCommercial license. [217] www.advmat.de www.advancedsciencenews.com of polydispersity. The answer to this should be followed by a critical assessment whether the target application requires the discrimination of all populations within the sample or not. If the sample is highly polydisperse, with diameters spanning more than one order of magnitude, then techniques on the left branch of the flowchart for suspensions in Figure 5 are usually preferable. The reason for this is that otherwise there is a risk of obtaining results that are skewed by outliers, which can affect the measurement even if their population is very small.
Methods that are well suited for the characterization of polydisperse suspensions operate either by detecting particles oneby-one or by first separating the mixture into subpopulations, sometimes referred to as bands or subensembles, which are themselves made up of large numbers of particles with more homogeneous characteristics.
Among the most established techniques that operate by separation are analytical ultracentrifugation, field-flow-fractionation, and chromatography. There are two potential caveats when using these methods: first, if the nanoparticles are in a dynamic equilibrium, then separation can perturb this equilibrium and may lead to misleading results. Second, the detection sensitivity may be insufficient for some of the less-numerous subpopulations in the ensemble. If this is the case, one can consider collecting fractions of the separated sample and subjecting these fractions to light scattering, SAXS, or more specialized analyses.
Methods for single nanoparticle characterization in liquid have become commercially available only relatively recently. Their physical principles are diverse, but all exploit the mobility or the difference in conductivity/density to the surrounding liquid. Thus, the solvent environment is an integral part of the measurement. With this in mind, NTA, TRPS, and nanomechanical resonators are powerful tools for the characterization of nanoparticle suspensions. The main limitation of all three techniques is their relatively limited throughput. Which of the three techniques is most appropriate depends on the specific characteristics of the sample and should be decided case by case based on the application examples provided in the detailed overview presented before.
Other important characteristics of nanoparticles in suspension besides the mean size, size distribution, and morphology are the surface charge and surface area, including the area inside of pores. Characterization of surface charge is most commonly performed by electrophoretic methods, but it is important to note that TRPS, by the very nature of the method, is also sensitive to surface charge. Porosity is a more challenging parameter to quantify in solution. Note, however, that this is not only due to the limitations of measurement technology. Especially for microporous and mesoporous materials (pore sizes <2 and 2-50 nm, respectively), the accessibility of pores can differ for bulky solvent molecules or bulky solutes. Therefore, it is important to consider carefully what is being measured by the techniques available.
In summary, the choice of methods is typically a compromise between the demands of the application and the restrictions of the different techniques. As a rule, first the simplest techniques should be applied to obtain answers to some key questions. However, the quantitative results at this initial stage should also be treated with a healthy degree of skepticism. The rich detail contained in electron micrographs is well suited to inform subsequent decisions regarding polydispersity, drying artifacts, and beam sensitivity. This information forms a basis for deciding if and how subsequent analyses should be performed, and we suggest that the flowchart in Figure 13 is used as a guide in this process.
Assessment of Multifunctional Efficiency of Nanoparticles
To assess the efficiency and functionality of nanoparticles, we have to consider the ratio of functional and nonfunctional components, and the number of synthetic steps required to produce these multifunctional products. We recently suggested to evaluate the synthesis of functional nanoparticles not only based on yield and product selectivity (e.g., atom economy) but also with regard to the specific tasks the nanoparticles can fulfill (number of functional units) and the simplicity of the production process (number of process steps) [18] = FR: The functionality ratio (FR; Equation (7a)) of a nanoparticle is defined as the number of functional units (n FU ) divided by the total number of building units of the nanoparticle (m BU ). The process efficiency (PE, Equation (7b)) of a nanoparticle synthesis is defined as the number of functional units (n FU ) divided by the number of process steps (r PRS ). Finally, the multifunctional efficiency (MFE, Equation (7c)) involves both parameters FR and PE and results in a quantity that values both a high degree of functionality and a facile manufacturing process. The key advantage of this concept is that a functional nanoparticle (e.g., nanocarrier) can be evaluated from the economic and synthetic viewpoint before the expensive and time-consuming biological assessment takes place. [18] 
Conclusions
The growth of nanoparticle material classes and their application to tackle global problems of our time requires progresses in nanoparticle characterization. The four properties size, shape, surface charge, and porosity of nanoparticles are intimately connected with their functionality and their effects on health and the environment. Measuring these properties is important for translating potential benefits of nanomaterials into specific applications. Characterization is also the first step to ensure that synthesized compounds possess the desired properties and that the properties of different batches are reproducible.
To be able to correlate the physicochemical properties of the nanoparticles with their performance in a specific task, www.advmat.de www.advancedsciencenews.com characterization needs to be both accurate and precise. Therefore, standardized standard operating procedures should be developed to improve the comparability of results between different materials and laboratories. It is crucial that new data can be compared and evaluated with previously published results in a meaningful way. This will require conclusive and harmonized analytical protocols to be applied worldwide.
We wish to give the following general recommendations for nanoparticle characterization:
1. Consider the intended form the target application of the nanoparticles. The form (colloidal suspension or solid powder) often dictates the need for the specific characterizations that should be used. 2. Place reasonable bounds on the precision and statistical confidence with which physicochemical properties need to be measured to satisfy the needs of the application. For example, the statistical demands in the quality control for pharmaceutical formulations will typically be higher than for industrial coating materials. 3. Develop or adopt standard characterization and standard operating procedures to be systematically and thoroughly followed for every batch. 4. The protocol used to measure the physicochemical parameters as well as the meta-data should be described in detail. Besides a detailed description of the experimental protocol, the experimental parameters, and method-specific settings that were used, this should include how the data were analyzed (e.g., what model was used to obtain a certain value). 5. In the case of suspensions, the exact chemical composition of the liquid matrix should be specified. Both pH and ionic strength should be measured and reported for aqueous solutions. 6. Measured parameters should be calibrated against a standardized reference. If no standardized references for a quantitative comparison with the nanomaterial at hand are available, internal references can be used to, at least, ensure consistency between batches. For example, obtaining similar size distributions from different nanoparticle batches and/ or a constant reference sample should ensure the reproducibility of results. 7. Whenever feasible, more than one technique should be used to characterize the same quantity. 8. The obtained results should be compared with published data whenever feasible.
The development of inexpensive analytical methods should be an integral part of future research. At the same time, existing techniques should be improved and their current boundaries and limitations expanded. In particular, novel techniques are needed for cross-validation, and to measure physicochemical properties that are currently difficult to test. Especially the identification of the interaction of ions and/or molecules inside the internal volume of porous nanoparticles in a liquid medium is so far a largely underexplored topic. Another important aspect is the characterization of nanoparticles under the envisioned operating conditions of the nanomaterial. One important lesson learned in the last decade is that in biological fluids proteins assemble with the nanoparticles, leading to a protein corona that gives a "biological identity" to the particles. [20, 218] As the application of nanoparticles in the biological context is a key technology, comprehensive knowledge of the physicochemical parameters under physiological conditions is of fundamental importance.
Nanoparticle characterization is a rich and complex discipline. In these exciting times for nanoscience, measurement and standardization often lag behind the rapid development of new materials and their applications. However, the demands on reproducibility and quality control increase steadily as new materials leave the discovery stage, and we expect that this pull will also drive innovations in the important field of nanoparticle-measurement science and technology.
